ABSTRACT: Egg size has been shown to vary among females in many species of marine invertebrates and fishes. Usually, however, only a single reproductive event is measured for each female, leaving open the possibility that egg size could vary significantly among broods from the same female. Here I measured egg size from 3 to 7 broods per female from 2 calyptraeid species, Crepidula atrasolea and C. ustulatulina, in 2 experiments. In a preliminary experiment, females were raised from hatching under constant temperature in incubators; in a second larger experiment, they were raised under varying temperatures on the laboratory bench top. Under both conditions, there were significant differences in egg size among broods from each female, as well as significant differences among females from the bench top. Estimates of repeatability, which give an upper boundary on the heritability of a trait, were significantly reduced when among brood variation was included in the calculations, suggesting that caution should be used in interpreting among-female components of variation in studies that measure only a single brood per female. Egg size was not related to female size, and there was an effect of brood order on egg size in only C. ustulatulina from the bench top. Eggs produced in the incubators were larger than those from the bench top and they were more variable within broods, resulting in a lower repeatability of egg size from incubator animals than from bench top animals. The significant variation in egg size at all levels of the analysis suggests that such variation should be included in models of egg size evolution, and that the evolutionary dynamics of egg size may be more complicated than reflected in current models of life-history evolution.
INTRODUCTION
Egg size is a feature of great importance in the evolution of life histories and can vary widely among closely related species. Interspecific differences are common in many groups of marine invertebrates and recent molecular phylogenetic evidence has shown that a number of these differences have evolved rapidly (Collin 2004 , Hart & Podolsky 2005 , Collin et al. 2007 ). The evolutionary processes by which these interspecific differences in egg size develop are not well understood and, like the evolutionary transformation of any feature, the key to such understanding lies in intraspecifc processes and the intraspecific variation upon which they act. Bernardo (1996) pointed out that detailed data documenting intraspecific variation in propagule size is simply not available for many organisms, and such data are especially rare for most groups of marine invertebrates (see reviews by Hadfield & Strathmann 1996 , Marshall & Keough 2008 , Moran & McAlister 2009 ).
There are few published studies that are explicitly focused on intraspecific variation in egg size (usually measured as egg diameter) in marine invertebrates, but those that are available generally report significant differences among females. For example, a detailed study of egg size in 13 species of tropical echinoids discovered significant differences in egg size among females in each species (Lessios 1988) . Phillips (2007) found that 20% of the variation in egg size and 86% of the variation in energy content in mussel eggs were due to variation among field-collected females. Collin & Salazar (2010) found that 65% of the variation in egg size of laboratory raised slipper snails Crepidula atrasolea and C. ustulatulina was due to variation among females. Reviews of variation in vertebrate egg size also commonly find significant variation among females. For example, a review of 26 studies of bird egg volume found that an average of 70% of the intraspecific variance could be attributed to variation among females (Christians 2002) . Studies demonstrating that > 50% of the variance in egg size is due to variation among females are also common in fish, reptiles and amphibians (reviewed by Christians 2002) .
In all of the invertebrate studies listed above, a single spawning event was examined from each female, and only a few females were measured in many cases. Consequently, while the among female component of variation in egg size could be calculated, the within female component could at best be approximated from the residual variance, and could not be broken down into within and among brood components. If clutches vary through time, seasonally, or with maternal age or size, the within female component of variation could be higher relative to the among female component than is indicated from the results of these studies. Since the relative amounts of within and among female variance contributing to phenotypic variation can be used to calculate the repeatability of a trait, and therefore set an upper boundary on its heritability (Falconer & Mackay 1996) , it is important to obtain accurate estimates of these variance components.
Data from studies that explicitly examine variation in egg size within and among broods are not only necessary to calculate repeatability, but are also necessary to test some of the newly proposed hypotheses about differences in offspring variability between direct developers and species with planktotrophic larvae. For example, in a review of 102 marine invertebrates, Marshall & Keough (2008) noted that direct developers that produce large propagules showed greater within species variation in offspring size than did species with planktotrophic development and small propagules. A possible explanation for this pattern was put forward by Marshall et al. (2008) who predicted that offspring of direct developers should vary less within each female and more among females, than do the offspring of planktotrophs. This is because mothers of direct developers should be better able to predict the conditions that will be experienced by their offspring that settle nearby, than mothers of planktotrophic larvae.
There are very few published studies of offspring size in marine invertebrates where both among and within female variation are reported explicitly. In a literature review of patterns in offspring size (measured as hatching size) variability in 25 marine invertebrates, Marshall et al. (2008) found that the CVs in offspring size among and within females (from a single clutch) ranged from 1.6 to 22.9 and 2.0 to 25.7 respectively, suggesting that variation at both levels is common. The small number of invertebrate species for which these values could be calculated (only 18 were from published studies) and the small sample sizes for many of them are also typical of the sparse literature on both invertebrates and nonavian vertebrates (Christians 2002) .
The few cases where egg size has been examined from multiple broods from individual females in marine invertebrates generally show a reduction in egg size with brood order or over time. A study of the nudibranch Adalaria proxima from several sites around the northern UK found that egg size not only varied among sites, but also decreased with the age of the mother (Jones et al. 1996) . Likewise, egg size and the number of eggs per egg mass decreased with time after the onset of reproduction in the opisthobranch Haloa japonica (Ito 1997) ; egg size decreased with age in the nudibranch Tenellia adspersa (Chester 1996 , see his Fig. 3) ; and egg size and egg number decreased with age in the polychaete Capitella sp. (Qian & Chia 1992) . These are all short-lived weedy or annual species that generally reproduce for a season and then die. It was suggested in each study that the observed decreases in egg size were due to reduction in adult size resulting from limited feeding after the onset of reproduction, or the detrimental effects of aging. Similar decreases in propagule size with age have been reported for shortlived terrestrial species including the housefly (McIntyre & Gooding 2000) , a parasitic wasp (Giron & Casas 2003) , some butterflies (Fischer et al. 2003) , and 8 weedy herbaceous plants (Cavers & Steel 1984) . Egg size has occasionally been reported to increase with age in arthropods (e.g. soil mites, Benton et al. 2005 ), but this is less common than a reduction in egg size (reviewed by Fox & Czesak 2000) . An exception to this general pattern appears in birds, which often show a slight but significant increase in egg size with age or experience (Christians 2002) .
Previous studies of egg size and hatching size in species of Crepidula, a genus of protandrous, filterfeeding marine gastropods, have demonstrated significant intraspecific variation in egg size. Measurements of eggs produced in the laboratory showed that egg size varies with temperature and can vary among geographically distinct populations (Collin & Salazar 2010) . Despite the effects of these factors, more than half of the observed variation in egg size was due to variation among females. This variation did not seem to be due to female size. Since only a single brood was measured per female, it was not possible to examine the details of the within female variation in egg size, which is the focus of the present study. I measured egg size from multiple broods from numerous females of the same 2 species, Crepidula atrasolea and C. ustulatulina to (1) determine if there is significant variation in egg size among broods from a single female, (2) determine if there is significant variation in egg size among females when among brood variation is accounted for, (3) calculate the repeatability of egg size, and (4) determine if egg size varies with maternal size or brood order. Collin, 2000 and Crepidula ustulatulina Collin, 2002 were collected intertidally from Fort Pierce and Mote, Florida. Unrelated females, which are the progeny of this brood stock, were raised from hatching in the laboratory in 350 ml plastic cups, under the same conditions. All animals were fed with 3.86 × 10 6 cells d -1 of Isochrysis galbana strain T. iso. When each individual reached 7 mm in shell length, a smaller animal was placed with it to act as a male. Once the females began laying eggs, the males were removed to avoid competition for food. Eggs were collected from female C. atrasolea ranging from 9.7 to 23.3 mm and C. ustulatulina ranging from 10.10 to 18.35 mm in shell length.
MATERIALS AND METHODS

Adult female Crepidula atrasolea
A preliminary experiment was conducted where a small number of animals from both locations were kept in incubators in the dark at 23°C (following the completion of the experiment described by Collin & Salazar 2010) . In the larger main experiment, they were raised on the laboratory bench top at an average temperature of 20.1°C (SD = 1.47; range over 600 d, 15 to 30°C) and ~8 to 10 h of fluorescent light d -1 , but as little as 4 h on weekends. In this experiment, maternal size was measured each time a brood was collected. Only Crepidula atrasolea from Fort Pierce and C. ustulatulina from Mote were raised on the bench top as they were the most abundant and easiest to collect. The parents of the animals raised in incubators were collected in 2003, while those of the animals raised on the bench top were collected from the same locations in 2004 and 2005. Both species can live for > 2 to 3 yr in the laboratory and reproduce continuously. The primary source of mortality in the laboratory was desiccation, when either the animals crawled out of the seawater or insufficient water was inadvertently placed in the cups during water changes.
Females were checked twice a day for new eggs, which are fertilized by stored sperm prior to being laid by the female. Eggs are laid in groups of 15-60 and are contained in transparent stalked capsules, which are attached to the substrate and brooded between the female's neck and propodium. Within the capsules, the eggs are not surrounded by extraembryonic membranes; therefore, the egg measurements reported here are of the actual egg cell after extraction from the capsule, and do no include any membranes or extracellular coverings. Eggs are initially squashed together during their passage through the female genital papilla, but they separate rapidly. Since cleavage begins within hours of ovoposition and causes the size and shape to change, eggs need to be measured quickly. This is typical of almost all marine invertebrate eggs, where embryos change shape and become irregular immediately upon the initiation of cleavage; eggs with tough chorions that retain a regular shape often swell during development. Eggs that had not yet cleaved were collected, placed on a slide with a No. 1 coverslip supported by large 'clay feet' to ensure that pressure from the coverslip did not squash or alter the egg size or shape in any way, and photographed under a compound microscope. The goal was to photograph at least 20 eggs female -1 ; however, in some cases when the females were small or when cleavage had begun, 20 uncleaved eggs were not available. Prior to photographing the eggs from each female, a stage micrometer was photographed with the same magnification. Because many broods were collected after cleavage had begun, the order of the broods does not reflect every brood produced; rather, it reflects the order in which they were laid relative to each other.
Photographs were imported into the software program ImageJ (Abramoff et al. 2004 ). The micrometer photograph was used to calibrate the measurements, and the Shape Descriptor plug-in was used to measure the area, major and minor axes, aspect ratio (major axis/minor axis) and roundness (4 × area/π × diameter 2 ) of each egg. Eggs with a roundness of < 94 were eliminated from the analysis because eggs elongate prior to cleavage and changes in shape can alter size estimates.
Exploratory analyses were used to examine variation in egg size for each female separately. One-way ANOVA was used to test for significant differences in egg size among broods from each female, resulting in 70 tests for Crepidula atrasolea and 60 tests for C. ustulatulina. In these tests, brood number was treated as a nominal unordered variable. I also used an REML (Restricted Maximum Likelihood) ANOVA to test for differences in egg size among females, with brood nested within female as a random effect. The variance components from this analysis were extracted using the Variability/Gage Chart option in JMP 5.1 and used to calculate the repeatability by dividing the among female variance by the total variance (Lessells & Boag 1987 , Flint et al. 2001 . To compare the percentage of total variance explained by the among female compo-nent with other studies in which only a single brood was examined from each female, I repeated this analysis using only the first brood measured from each female.
To determine if egg size changes with brood order, I used a repeated-measures ANOVA as implemented in the MANOVA menu in JMP 5.1. This analysis used data from only the first 4 broods for which I obtained measurements from each female (data for the 5th and/ or 6th brood were obtained from < 50% of the females). I also used an REML ANCOVA to test for an effect of brood order on egg size by treating the female identity as a random factor, and using shell length, brood order, and decimal date as covariates. The decimal date reflects the fact that the eggs were successfully collected over as few as 40 d for some females while it took as long as a year to obtain 4 broods for other females. For the preliminary experiment, female length was not measured and population of origin was included as a fixed factor. Animals from the 2 populations were combined for analysis of the data from the incubator experiment because no significant effect of population was observed.
RESULTS
Both species showed significant differences in egg size among females and among broods from each female. When multiple broods were included in the analysis, the majority of the variance in egg size was within females rather than among females and estimates of repeatability were much smaller than when only a single brood was used. There was no evidence of an effect of female size and only Crepidula ustulatulina showed an effect of brood order on egg size; however, brood date was significant in all but the smallest dataset.
Individual females
Crepidula atrasolea
A total of 7466 eggs were measured (Table 1) and each female produced these eggs over an average period of 222 d (SD = 138.8; range 40 -614). In general, individual clutches from the same female were significantly different from each other; 10 of 12 and 55 of 58 females from the incubators and bench top respectively showed significant brood effects. The average egg diameter per brood from a single female ranged over 15 µm (SD = 7.0 µm) on average across all females, and the average egg diameter per brood could differ by as much as 33 µm across broods (i.e. 10% of the 328 µm average diameter on the bench top) for a single female. This represents an average range in brood means for each female of 14% of egg volume, and a maximum range for a female of 30% egg volume between broods.
The range across the extreme eggs, i.e. the ratio of the largest to the smallest egg diameter, was larger in the incubators than on the bench top (2.12 vs. 1.34). Significant differences among broods occurred with the same frequency on the bench top dataset than in the incubator dataset (Fisher Exact Test p > 0.5). The CV in egg size for each brood was significantly higher in the incubator (t-test p < 0.0001; mean CVs within broods: bench top = 2.19, incubator = 2.86).
Crepidula ustulatulina
A total of 5587 eggs was measured (Table 1) and each female produced eggs over an average period of 217 d (SD = 147.5; range = 43-797). Most females produced clutches that differed significantly in egg size; 13 of 16 and 42 of 43 females in the incubators and, and on average bench top respectively showed significant brood effects. The average egg diameter per brood ranged over 15 µm (SD = 6.3) for each female, and the average egg diameter per brood could differ by as much as 29 µm (10% of the average diameter on the bench top) for a single female. This difference is similar to that observed in C. atrasolea. It represents an average range for a female of 14% in average egg volume per brood, and a maximum range of 33% in egg volume across broods from a single female. The ratio of the largest to the smallest egg diameter was much larger in the incubator than on the bench top (2.64 vs. 1.47). The large value in the incubator is primarily due to unusually large eggs in 3 broods.
Females from the bench top were more likely to produce broods that significantly differed in egg diameter from each other than were those raised in the incubators (Fisher Exact Test p < 0.02). However, the 4 clutches for which no differences were reported in the incubator were all from females with only 3 clutches and less than the average number of measured eggs. Therefore, the lack of significant differences among these clutches could have been a result of small sample sizes. The CV in egg size within broods was significantly higher in the incubator than on the bench top (t-tests p < 0.002; mean CVs within broods: incubator = 3.4, bench top = 2.4).
Brood, brood order, maternal size and maternal identity
There was a significant effect of female identity in both species on the bench top (but not in the incuba-tors) when brood was nested as a random effect within female (REML ANOVA for Crepidula atrasolea bench top: F = 4.88, df = 57, p < 0.0001; incubator: F = 0.99, df = 13, p = 0.47. C. ustulatulina bench top: F = 6.69, df = 42, p < 0.0001; incubator: F = 1.66, df = 16, p = 0.09). The lack of significance in the incubator datasets is most likely due to the small sample sizes. The effects of individual broods nested within females were also significant on the bench top (Z-test: C. atrasolea F = 5.05, p < 0.0005; C. ustulatulina F = 4.48, p < 0.001) and more than half of the variance in egg size in all cases occurred within females (Table 2) . Repeatabilities (i.e. the proportion of the total variance that is due to the among female effect) from the bench top were 0.33 and 0.46 in C. atrasolea and C. ustulatulina respectively, and repeatabilities from the incubators were not significantly different from 0 because there was no significant among-females effect. When the bench top data were analyzed using only the first brood measured from each female, repeatability doubled, jumping to 0.71 for C. atrasolea and 0.79 for C. ustulatulina.
Repeated-measures ANOVA on the first 4 broods from each female showed that eggs were significantly larger in the incubator experiment than they were in the bench top experiment in both species (Table 1 ; Crepidula atrasolea: F 1,56 = 47.9, p < 0.001; C. ustulatulina: F 1,37 = 72.2, p < 0.001). Neither species showed a significant overall effect of brood order (C. atrasolea: p > 0.1; C. ustulatulina: p > 0.1). There was no interaction between treatment and brood order for C. atrasolea (p > 0.3), but C. ustulatulina showed a significant interaction (F 3,35 = p < 0.03). This appeared to be due to a slight increase in egg size with brood number for animals in the incubator, while those on the bench top showed no change (Fig. 1) .
ANCOVA of egg diameter with female identity as a random effect showed no effect of female length in any of the datasets (Table 3 ). There was a significant effect of brood date in both datasets for Crepidula ustulat- ulina and the benchtop dataset for C. atrasolea but no effect of brood order except for the bench top dataset for C. ustulatulina. Egg size increased with brood date in C. atrasolea and C. ustulatulina from the incubator, and decreased in C. atrasolea from the bench top. For the C. ustulatulina dataset from the bench top, there was a significant decrease in egg size with brood number and a significant increase in egg size with brood date (Table 3) .
DISCUSSION
Intraspecific variation in reproductive characteristics such as egg size is most likely ubiquitous in marine invertebrates, but few studies describe how such variation is partitioned. This study found significant variation at all levels: within a brood, among broods from the same female, and among females.
Unlike previous studies that have examined fast growing or weedy species and observed a decrease in egg size with brood order, the among brood variation observed here was not due to changes in egg size with brood order. In 3 of the datasets, among brood variation in egg size was better explained by changes in egg size with laying date. In the fourth dataset, brood order and laying date had opposite effects: a significant decrease in egg size with brood order and an increase in egg size with brood date. In total, 3 datasets showed a significant increase in egg size with brood date, and 1 showed a significant decrease with brood date. Brood date reflects maternal age, the amount of time that an individual female has been reproductive, as well as background environmental factors that may have changed during the course of the experiments. Surprisingly, only one other similar study of egg size variation in marine invertebrates has reported egg sizes that do not vary with brood order. In that study, the average egg size for 54 white shrimp was shown not to vary (1-way ANOVA) over 4 broods after ovoposition was artificially induced by eyestalk ablation (Arcos et al. 2003) . However, only 15% of the animals produced 4 broods, and those that did were shown to have had larger eggs in the first brood than those that produced fewer broods, making interpretation of the data unclear. More studies are necessary to determine if the pattern of decreasing egg size with brood order or maternal age is common in perennial species or, if Crepidula atrasolea and C. ustulatulina are unusual in lacking an effect of brood order, and even sometimes showing an increase in egg size with date.
There were also significant differences in egg size among females for both species and these differences were not linked to maternal size. Egg size is often positively correlated with female size in marine invertebrates (Marshall & Keough 2008) , vertebrates (Christians 2002) , arthropods (Fox & Czesak 2000) , and butterflies (García-Barros 2000) , although these relationships often explain less than half of the variation in egg size. There is no evidence of a relationship between female size and egg size in Crepidula atrasolea and C. ustulatulina (Collin & Salazar 2010, this study) . In Crepidula, in general, the number of egg capsules and the number of eggs per capsule increase with female size (Collin 2000b ). This increase, instead of increases in egg size alone, could account for any increases in energy allocated to reproduction with increased size. In some other calyptraeids (e.g. Crepipatella dilatata), hatching size increases with female size, but this is due to increased allocation of nurse egg with female size (Chaparro et al. 1999) and not to increases in egg size.
In Crepidula atrasolea and C. ustulatulina, ~30 to 40% of the variation in egg size was attributed to variation among broods nested within females, and another 30 to 40% of the variation was attributed to variation among eggs within each brood. Therefore, more than half of the variation in egg size in all 4 datasets was due to within individual variation. Most of this variation cannot be explained by female size or brood order (see above), and since conditions in each treat- The proportion of the total variation that is due to variation among females is referred to as the repeatability of a trait, and can be used to give a statistical upper boundary to heritability without conducting an experiment to explicitly examine heritability (Falconer & Mackay 1996) . Repeatability has been a useful measure in studies of avian reproduction where egg size has been shown to have repeatabilities that are generally > 0.5 (Christians 2002) . There has been some previous confusion in the literature about how repeatabilities should be calculated (Lessells & Boag 1987 , Flint et al. 2001 and it has been shown that reduction of data for individual eggs to brood means can result in overestimates of the among female component of the variance and therefore in an overestimate of the repeatability (Flint et al. 2001) . Likewise, I have demonstrated in the case of the 2 species of Crepidula that the inclusion of multiple broods from each female significantly reduces the amount of variance in egg size that is attributed to the among female component. In fact, repeatability is more than halved when 3 or 4 broods from each female are included. Therefore, caution must be used in interpreting among female variation in studies that examined only a single brood from each female.
Despite this effect, and the high levels of among brood and within brood variation, there was significant among female variation in egg size in both Crepidula atrasolea and C. ustulatulina from the bench top when multiple broods were considered from each female. Since the bench top datasets were significantly larger than the incubator datasets in both the number of females and the number of broods per female, the estimates of repeatability from the former are more reliable. The repeatabilities and therefore the upper limits of heritability for egg size in Crepidula (0.33 and 0.46) are lower than the repeatabilities and heritabilities of egg size in birds and arthropods. Repeatability of egg size in birds is generally > 0.6 and is higher than that of clutch size or laying date, as are the heritabilities of these same characters (Christians 2002) . Studies in arthropods have shown that heritability of egg size can vary greatly with maternal diet and host as well as among populations (reviewed by Fox & Czesak 2000 , Carter et al. 2004 ; however, most studies of arthropods report heritabilities well above 0.4 (reviewed by Fox & Czesak 2000 , Miles et al. 2007 ). Finally, the only studies of heritability of egg size in marine invertebrates recovered narrow sense heritability of 0.45 and a realized heritability of 0.58 for the polychaete Hydroides elegans (Miles et al. 2007) , and a heritability of 0.75 in the polychaete Streblospio benedicti (Levin et al. 1991) . These values exceed the repeatability reported here for Crepidula egg size, and therefore suggest that egg size in Crepidula species may be less heritable than in polychaetes.
Despite the high levels of variation within and among females, environmental effects can also play a large role in intraspecific variation in egg size. In this study, we found that eggs produced in the presumably more constant environment of the incubator had both a larger size and a higher within brood CV than those produced on the bench top. Egg size is larger at lower temperatures (Collin & Salazar 2010) , but since the temperature on the bench top was cooler on average than in the incubator, differences in temperature probably cannot explain the difference in egg size between the treatments. However, the bench top temperature of 21°C is lower than the temperatures examined by Collin & Salazar (2010) , and a nonlinear relationship between egg size and temperature is possible. Moreover, the animals for the bench top experiment were collected and raised after the completion of the incubator experiment; therefore, other environmental factors such as the quality of the seawater or algal supply might account for the difference in egg size between the incubator and the bench top reared females, as well as differences in the pool of animals collected from the field.
Offspring are often predicted to be more variable when environmental conditions show more variation or less predictability (Koops et al. 2003 , Einum & Fleming 2004 , Marshall et al. 2008 . The data from this study are not consistent with this idea, as the animals in the more constant conditions of the incubators produced eggs that are more variable. However, if the conditions in the incubator are stressful, stress may have induced females to hedge their bets by producing larger and more variable eggs. Increases in egg variability have been reported to be associated with the time experienced under uniform hatchery conditions, which resulted in weight loss and presumably stress in the greenlip abalone (Graham et al. 2006) . The possibility that stress may increase egg size and variability in Crepidula should be tested explicitly. 
